LiF films grown on glass and Si(100) substrates by thermal evaporation were used as radiation imaging detectors to evaluate the Bragg peak position of a 3 MeV proton beam produced by a linear accelerator. The proton irradiation of LiF films induces the formation of stable color centers, mainly the primary F centers and the aggregate F 2 and F 3 + defects, whose local concentrations are proportional to the deposited energy. Under optical pumping in the blue spectral region, F 2 and F 3 + color centers emit broad photoluminescence bands located at 678 and 541 nm, respectively, which can be detected by conventional fluorescence microscopy. Photoluminescence images of the top surface of the exposed LiF films allowed obtaining the Bragg peak position of the proton beam, whose evaluation is in satisfactory agreement with software simulations.
Introduction
Lithium fluoride (LiF) has peculiar optical and physical properties and it is sensitive to ionizing radiation (X-rays, -rays, electrons, neutrons, protons, particles and heavier charged ions). LiF is practically not hygroscopic and it can host laser active electronic defects, known as color centers (CCs), characterized by wide tunability and good stability also at room temperature (RT). LiF is widely used in optoelectronics [1] , integrated optics [2] as well as in dosimetry, in pure [3] and doped [4] form. The doping of LiF with special impurities (LiF:Mg,Ti, LiF:Mg,Cu,P) enhances its sensitivity to ionizing radiation and/or allows obtaining the near tissue-equivalence of the material [5] . Irradiation of LiF by ionizing radiation induces the formation of CCs, some of which are stable at RT. The primary CC is the F one, which consists of an anionic vacancy occupied by an electron. Its absorption band, called F band, is peaked at a wavelength of about 248 nm, while its photoluminescence (PL) has not been detected unambiguosly, up to now. The aggregate F 2 and F 3 + CCs (two electrons bound to two and three anion vacancies, respectively) possess almost overlapping absorption bands, at a wavelength about equal to 450 nm, which together form what is generally called M band [6] . By optical pumping this band, the F 2 and F 3 + CCs emit broad PL bands peaked at 678 nm and 541 nm, respectively. The spectroscopic properties of these defects allow using simple and efficient optical reading techniques, based on fluorescence conventional and confocal microscopes. Recently, the area of growth and characterization of LiF thin films as sensors of ionizing radiations has seen a considerable expansion also because they assure great versatility. LiF thin films can be grown in the form of polycrystalline thin films on different kinds of substrates by thermal evaporation [7] , tailoring the appropriate geometry, size and thickness. Their structural, morphological and optical properties are strongly dependent on the main depositions parameters such as the substrate temperature during the growth, the deposition rate, the total thickness as well as the evaporation geometry and the nature of the substrate [8] . Also the film adhesion to the substrate and the formation efficiency of primary and aggregate CCs, due to the irradiation by ionizing radiation, depend on the film growth conditions [8, 9] . LiF thin films were proposed and tested as extreme-ultraviolet and soft Xray imaging detectors [10, 11] , as well as nuclear sensors for neutrons [12, 13] , gamma dosimetry [14] , characterization of intense X-ray sources [15] and in life-science investigation [16] , even for in vivo specimens [16, 17] . In recent years, the use of hadrons in oncological radiotherapy has seen a remarkable growth because of the excellent ballistic properties of the heavy particles, which lose their energy at the end of the path in tissue, called Bragg peak, with a modest lateral diffusion, preserving the surrounding healthy organs during tumor irradiation. Protons traversing matter lose energy primarily through the ionization and excitation of atoms. Figure 1 shows the Bragg curves in LiF for proton energies in the range from 7 MeV to 230 MeV obtained by using the Stopping and Range of Ions in Matter (SRIM) software [18] . The stopping power and the maximum penetration depth in LiF, as the Bragg peak intensity strongly depend on proton energy.
A new proton therapy center is planned to be built in Rome, Italy. The project, named TOP-IMPLART [19] is centered on a medium-energy proton accelerator designed as a sequence of linear accelerators. The segment up to 150 MeV is under construction and will be tested at ENEA C.R. Frascati before the transfer to a hospital for clinical use. In this work, we put preliminary experimental results forward concerning the use of LiF thin films grown on glass and silicon substrates for the direct imaging of the Bragg peak of a 3 MeV proton beam produced by the TOP-IMPLART injector.
Materials and methods
Optically transparent LiF films, about 1 m thick, were grown by thermal evaporation on glass and Si(100) substrates at the Solid State Lasers Laboratory, ENEA C.R. Frascati. The deposition system essentially consists of a cylindrical steel process chamber equipped with two water-cooled tantalum crucibles, mounted on the base plate of the chamber and a rotating sample-holder, placed at a distance of 22 cm from the chamber base plate. Four halogen lamps heat the substrates. The film thickness and the evaporation rate are monitored in situ by an INFICON crystal sensor, part of the INFICON XTC/2 deposition controller. An automatic mechanical shutter, placed over the crucible, protects the substrates during the powder pre-heating treatments and when the selected final film thickness is achieved, by stopping the vapor flux from the crucible. The starting material consisted of LiF microcrystalline powder (Merck Suprapur, 99.99% purity), heated at about 840 °C in the crucible. Glass substrates were cleaned by using detergents in conjunction with ultrasonic agitation to assure the adhesion of the films, while Si(100) substrates were used without any preliminary treatment. During the growth process, performed at an in-chamber vacuum pressure below 1 mPa, the substrates were kept at 300 °C. The evaporation rate, monitored by the INFICON controller, was set to a value of 1 nm/s.
Reflectance spectra of thermally-evaporated LiF films were measured by using a Perkin Elmer Lambda 900 spectrophotometer. Proton beams of 3 MeV energy were produced by a linear accelerator at ENEA C.R. Frascati. The average beam current was 6 A in 25 s-long pulses at a repetition rate of 50 Hz; a 80 μm thick kapton window was placed at the output of the machine beamline. LiF films used for the Bragg peak measurements were cleaved before irradiation and mounted with the substrate surface parallel to the beam propagation direction (zero grazing angle), at a distance of 5 mm from the kapton window, in order to directly expose the cleaved film edge to the impinging protons. In these experimental conditions (protons pass through the kapton window and 5 mm of air), the energy of the impinging protons on the LiF samples and the Bragg peak position of the proton beam were 1.45 MeV and (19.2 0.2) m, respectively, according to the SRIM software. After proton irradiation, the PL integrated intensity of radiation-induced F 2 and F 3 + CCs was acquired by using a fluorescence microscope Nikon Eclipse 80-i C1 equipped with an Andor Neo s-CMOS camera and a Hg lamp peaked at 434 nm, which can simultaneously excite the F 2 and F 3 + PL.
Results and discussion
Transmittance and/or reflectance optical spectra of a LiF film allow estimating a few physical parameters, such as film thickness, surface roughness, material inhomogeneity along the growth axis, refractive index and extinction coefficient spectral behavior, and so on. Figure 2 shows the reflectance spectra of a Si(100) substrate and a 1 m thick LiF film thermally-evaporated on it, measured in the wavelength range 190-1600 nm. The analysis of the measured spectra was carried out with an ad hoc developed Matlab® program that incorporates a recently introduced theoretical model of non-ideal film [20, 21] . Table 1 reports the lack of uniformity of the film thickness along the diameter, the material inhomogeneity along the growth axis and the surface roughness of the investigated LiF film grown on Si(100); see [20, 21] for an explanation of these quantities. Fluorescence images of the top surface of the exposed LiF films allowed evaluating the Bragg peak position of the proton beam. Figure 3 shows the PL image of a 1 m thick LiF film grown on Si (100) The spectrally integrated PL emitted by radiation-induced F 2 and F 3 + CCs, whose local concentrations are proportional to the energy deposited by protons in LiF, exhibits a strong increase at a distance from the cleaved edge of the film. As the PL signal is proportional to the local defects concentrations, this strong increase appears to be related to the Bragg peak position [22] . It should be noted that a luminescent signal is present beyond the presumed Bragg peak, because the beam propagation direction, not exactly parallel to the substrate surface, colored a large area of LiF film. Figure 4 shows the PL intensity profile acquired along the direction perpendicular to the film edge obtained by image analysis of the portion of Fig. 3 reported in its inset. The estimated distance between the film edge and the PL peak intensity is (20.8 0.4) m, therefore in satisfactory agreement with the simulations obtained by using the SRIM software. The use of LiF films grown on Si(100) crystalline substrates allows for a better evaluation of the Bragg peak position because the cut film/substrate edge is sharper than that of LiF films grown on glass substrates. 
Conclusions
Good optical quality LiF films were grown on glass and Si 
